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1RQFRYDOHQWIRUFHVWXQHWKHHOHFWURQWUDQVIHUFRPSOH[EHWZHHQ
IHUUHGR[LQDQGVXOILWHUHGXFWDVHWRRSWLPL]HHQ]\PDWLFDFWLYLW\
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,QVWLWXWH IRU 3URWHLQ 5HVHDUFK 2VDND 8QLYHUVLW\ <DPDGDRND  6XLWD 2VDND 
-DSDQ
͊&HOOXODU )XQFWLRQ ,PDJLQJ 7HDP 'LYLVLRQ RI %LRIXQFWLRQ '\QDPLFV ,PDJLQJ 5,.(1
&HQWHUIRU/LIH6FLHQFH7HFKQRORJLHV.REH+\RJR-DSDQ
͋0XOWL0RGDO0LFURVWUXFWXUH$QDO\VLV8QLW5,.(1&/67-(2/&ROODERUDWLRQ&HQWHU
0LQDWRMLPDPLQDPLPDFKL&KXRNX.REH+\RJR-DSDQ
i'HSDUWPHQWRI3ODQW3K\VLRORJ\8QLYHUVLW\RI2VQDEUXHFN%DUEDUD6WUDVVH2VQDEUXHFN
*HUPDQ\
36FKRRORI0ROHFXODUDQG&HOOXODU%LRORJ\8QLYHUVLW\RI/HHGV/HHGV8.
x6WUXFWXUDO(SLJHQHWLFV/DERUDWRU\*UDGXDWH6FKRRORI0HGLFDO/LIH6FLHQFH<RNRKDPD&LW\
8QLYHUVLW\6XHKLURFKR7VXUXPLNX<RNRKDPD-DSDQ


7RZKRPFRUUHVSRQGHQFHVKRXOGEHDGGUHVVHG<RXQJ+R/HH,QVWLWXWHIRU3URWHLQ5HVHDUFK
2VDND 8QLYHUVLW\ <DPDGDRND  6XLWD 2VDND  -DSDQ 7HOHSKRQH 
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(PDLOPU#SURWHLQRVDNDXDFMS
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$%675$&7
$OWKRXJK HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ QHJDWLYHO\FKDUJHG IHUUHGR[LQ )G DQG
SRVLWLYHO\FKDUJHG VXOILWH UHGXFWDVH 6L5 KDYH EHHQ SUHGRPLQDQWO\ KLJKOLJKWHG WR
FKDUDFWHUL]HFRPSOH[IRUPDWLRQWKHGHWDLOHGQDWXUHRILQWHUPROHFXODUIRUFHVUHPDLQVWR
EHIXOO\HOXFLGDWHG
:H KHUHLQ LQYHVWLJDWHG LQWHUSURWHLQ IRUFHV IRU IRUPDWLRQ RI DQ HOHFWURQWUDQVIHU
FRPSOH[ EHWZHHQ )G DQG 6L5 DQG WKHLU UHODWLRQVKLS WR 6L5 DFWLYLW\ XVLQJ YDULRXV
DSSURDFKHVRYHU1D&OFRQFHQWUDWLRQVEHWZHHQDQGP0
)GGHSHQGHQW 6L5 DFWLYLW\ DVVD\V UHYHDOHG D EHOOVKDSHG DFWLYLW\ FXUYH ZLWK D
PD[LPXPDURXQGP01D&ODQGDUHYHUVHEHOOVKDSHGGHSHQGHQFHRILQWHUSURWHLQ
DIILQLW\0HDQZKLOHLQWULQVLF6L5DFWLYLW\DVPHDVXUHGLQDPHWK\OYLRORJHQGHSHQGHQW
DVVD\ H[KLELWHG VDWXUDWLRQ DERYH  P0 1D&O 7KXV WZR DVVD\V VXJJHVWHG WKDW
LQWHUSURWHLQLQWHUDFWLRQLVFUXFLDOLQFRQWUROOLQJ)GGHSHQGHQW6L5DFWLYLW\
&DORULPHWULF DQDO\VHV VKRZHG WKH PRQRWRQLF GHFUHDVH LQ LQWHUSURWHLQ DIILQLW\ RQ
LQFUHDVLQJ1D&O FRQFHQWUDWLRQV GLVWLQJXLVKHG IURP D UHYHUVH EHOOVKDSHG LQWHUSURWHLQ
DIILQLW\REVHUYHGIURP)GGHSHQGHQW6L5DFWLYLW\DVVD\)XUWKHUPRUH)G6L5FRPSOH[
IRUPDWLRQDQGLQWHUSURWHLQDIILQLW\ZHUHWKHUPRG\QDPLFDOO\DGMXVWHGE\ERWKHQWKDOS\
DQG HQWURS\ WKURXJK HOHFWURVWDWLF DQG QRQHOHFWURVWDWLF LQWHUDFWLRQV $ UHVLGXHEDVHG
105LQYHVWLJDWLRQRQDGGLWLRQRI6L5WR1ODEHOHG)GDWWKHYDULRXV1D&OFRQFHQWUDWLRQ
DOVRGHPRQVWUDWHGWKDWDFRPELQDWLRQRIHOHFWURDQGQRQHOHFWURVWDWLFIRUFHVVWDELOL]HG
WKHFRPSOH[ZLWKVLPLODULQWHUIDFHVDQGPRGXODWHGWKHELQGLQJDIILQLW\DQGPRGH
2XUILQGLQJVHOXFLGDWHWKDWQRQHOHFWURVWDWLFIRUFHVDUHDOVRHVVHQWLDOIRUWKHIRUPDWLRQ
DQG PRGXODWLRQ RI WKH )G6L5 FRPSOH[ :H VXJJHVW WKDW D FRPSOH[ FRQILJXUDWLRQ


RSWLPL]HGIRUPD[LPXPHQ]\PDWLFDFWLYLW\QHDUSK\VLRORJLFDOVDOWFRQGLWLRQVLVDFKLHYHG
E\VWUXFWXUDOUHDUUDQJHPHQWWKURXJKFRQWUROOHGQRQFRYDOHQWLQWHUSURWHLQLQWHUDFWLRQV
 


6800$5<67$7(0(17
6L5DFWLYLW\DVVD\VDQG ,7&105LQYHVWLJDWLRQDWYDULDEOH1D&OFRQFHQWUDWLRQV UHYHDO WKDW
HOHFWURVWDWLF DQG QRQHOHFWURVWDWLF LQWHUDFWLRQV ERWK VWDELOL]H WKH HOHFWURQ WUDQVIHU FRPSOH[
EHWZHHQ)GDQG6L5DQGRSWLPL]HWKHFRQILJXUDWLRQRIWKHFRPSOH[IRUKLJKHU6L5DFWLYLW\DW
QHDUSK\VLRORJLFDOFRQGLWLRQV

6+2577,7/(
(IIHFWVRI)G6L5LQWHUDFWLRQVRQ6L5DFWLYLW\

.(<:25'6
(OHFWURQ WUDQVIHU FRPSOH[ HQ]\PH DFWLYLW\ IHUUHGR[LQ LVRWKHUPDO WLWUDWLRQ FDORULPHWU\
QXFOHDUPDJQHWLFUHVRQDQFHVXOILWHUHGXFWDVH

$%%5(9,$7,21
'GELQG*LEEVIUHHHQHUJ\IRUELQGLQJ'HELQG&KDQJHLQHQWKDOS\IRUELQGLQJ'HJOREDO&KDQJH
LQHQWKDOS\IRUJOREDOXQIROGLQJ'SELQG&KDQJHLQHQWURS\IRUELQGLQJ'CSELQG&KDQJHLQKHDW
FDSDFLW\IRUELQGLQJ'CSJOREDO&KDQJHLQKHDWFDSDFLW\IRUJOREDOXQIROGLQJ&6'&KHPLFDO
VKLIWGLIIHUHQFH&'&LUFXODUGLFKURLVPKG'LVVRFLDWLRQFRQVWDQW(7(OHFWURQWUDQVIHU)G
)HUUHGR[LQ )15 )HUUHGR[LQ1$'3 UHGXFWDVH +64& +HWHURQXFOHDU VLQJOHTXDQWXP
FRKHUHQFH FRUUHODWLRQ ,7& ,VRWKHUPDO WLWUDWLRQ FDORULPHWU\TP0HOWLQJ WHPSHUDWXUH09
0HWK\O YLRORJHQ KP 0LFKDHOLV FRQVWDQW 3&$ 3ULQFLSDO FRPSRQHQW DQDO\VLV 6L5 6XOILWH
UHGXFWDVHkFDW7XUQRYHUQXPEHU


 


,1752'8&7,21
7KHSK\VLFRFKHPLFDODQGVWUXFWXUDODVSHFWVRIWKHVXUIDFHVDQGDFWLYHVLWHVRIIROGHGSURWHLQV
DUHWKHUHVXOWRIHYROXWLRQZLWKDKLJKLQWHULRUSDFNLQJGHQVLW\DQGORFDOIXQFWLRQDOIOH[LELOLW\
RISURWHLQV>@7KHSURSHUWLHVRISURWHLQVXUIDFHVDUHDFULWLFDOIDFWRULQHQVXULQJDSSURSULDWH
LQWHUPROHFXODU FRQWDFWV IRU SURWHLQ IXQFWLRQ $ VWDWLVWLFDO VWXG\ SUHYLRXVO\ VKRZHG WKDW WKH
LQWHUIDFHV RI SURWHLQSURWHLQ FRPSOH[HV FRQVLVWHG RI  DSRODU UHVLGXHV  FKDUJHG
UHVLGXHVDQGSRODUUHVLGXHV>@VXJJHVWLQJWKDWQRQFRYDOHQWLQWHUDFWLRQVHOHFWURVWDWLF
DQGQRQHOHFWURVWDWLFLQWHUDFWLRQVDUHLQGLVSHQVDEOHLQLQWHUSURWHLQIRUFHV
1RQHOHFWURVWDWLF LQWHUDFWLRQV LQFOXGLQJ SRODU DQG K\GURSKRELF LQWHUDFWLRQV KDYH EHHQ
VKRZQ WR FRQWULEXWH WR FRPSOH[ IRUPDWLRQ RI SURWHLQV ZLWK ELQGLQJ SDUWQHUV 3URWHLQV WKDW
DFFRPPRGDWHK\GURSKRELFFDYLWLHVVXFKDV*UR(/DQGOLSRFDOLQW\SHSURVWDJODQGLQ'V\QWKDVH
IRUP FRPSOH[HV ZLWK K\GURSKRELF PROHFXOHV >@ 7KH PROHFXODU UHFRJQLWLRQ RI SUROLQH
UHVLGXHVRISDUWQHUSURWHLQVE\WKH6+GRPDLQKDVDOVREHHQDWWULEXWHGWRQRQHOHFWURVWDWLF
IRUFHV>@
2QH RI WKH PRVW ZHOONQRZQ HOHFWURVWDWLF LQWHUDFWLRQV LV WKH DWWUDFWLYH FKDUJHFKDUJH
LQWHUDFWLRQEHWZHHQSRVLWLYHO\FKDUJHGSURWHLQVDQGWKHQHJDWLYHO\FKDUJHGPDMRUJURRYHVRI
'1$>@0DQ\VWXGLHVEDVHGRQVLWHGLUHFWHGPXWDJHQHVLVHOHFWURQWUDQVIHU(7UDWH;UD\
FU\VWDOORJUDSK\DQG105VSHFWURVFRS\VXJJHVWHG WKDWPRVWUHGR[SURWHLQV LQYROYHGLQ(7
UHDFWLRQV VKRZ ORFDOL]HG FKDUJH FOXVWHUV RQ VXUIDFHV DQG XWLOL]H SUHGRPLQDQWO\ DWWUDFWLYH
HOHFWURVWDWLFLQWHUDFWLRQVDPRQJRSSRVLWHO\FKDUJHGUHVLGHVWRIRUPDQ(7FRPSOH[IRUPDWLRQ
3RVLWLYHO\FKDUJHGSDWFKHVRQQLWULWHUHGXFWDVH>@RU>)H)H@K\GURJHQDVH>@LQWHUDFWZLWK
QHJDWLYHO\FKDUJHGVXUIDFHVRQIHUUHGR[LQ)G:HSUHYLRXVO\GHPRQVWUDWHGWKDWWKHQHJDWLYH
VXUIDFHVRI)GDOVRVKRZFRPSOHPHQWDU\HOHFWURVWDWLFQHWZRUNVZLWK WKHSRVLWLYHO\FKDUJHG
UHVLGXHVRIIHUUHGR[LQ1$'3UHGXFWDVH)15LQWKHFU\VWDOVWUXFWXUHRIWKHLUFRPSOH[>@


'LVUXSWLRQLQDWWUDFWLYHHOHFWURVWDWLFLQWHUDFWLRQVE\LRQLFVWUHQJWKRUPXWDWLRQGHFUHDVHGWKH
(7 UDWH DQG SRSXODWLRQ RI WKH FRPSOH[ >@ FOHDUO\ LQGLFDWLQJ WKH LPSRUWDQFH RI
LQWHUPROHFXODUHOHFWURVWDWLFLQWHUDFWLRQVLQIRUPLQJUHGR[SURWHLQFRPSOH[HV
0HDQZKLOH GLVWLQFW SDWWHUQV RI WKH (7 UDWH EHWZHHQ HOHFWURQWUDQVIHUULQJ SURWHLQV KDYH
EHHQ REVHUYHG RQ FKDQJLQJ LRQLF VWUHQJWK )RU LQVWDQFH ZKLOH WKH RYHUDOO (7 UDWH IURP
F\WRFKURPHcWRSODVWRF\DQLQGHFUHDVHGPRQRSKDVLFDOO\ZLWKLQFUHDVLQJWKHVDOWFRQFHQWUDWLRQ
WKDW IURP F\WRFKURPH c WR F\WRFKURPH c SHUR[LGDVH RU IURP F\WRFKURPH f WR SODVWRF\DQLQ
LQFUHDVHGDWORZVDOWFRQFHQWUDWLRQVDQGGHFUHDVHGDWKLJKHUVDOWFRQFHQWUDWLRQV>@QRW
VLPSO\ H[SODLQHG E\ WKH HOHFWURVWDWLF FRQWULEXWLRQ DQG FRPSOH[ SRSXODWLRQ 7KH VLPLODU
ELSKDVLFFKDQJHZDVDOVRREVHUYHGLQWKHHOHFWURQWUDQVIHUDPRQJ Anabaena )GIODYRGR[LQ
)15DQG36,>@,QWHUHVWLQJO\WKHFKDQJHLQK\GURSKRELFLW\RQ)15LQWHUIDFHVIRU)GRU
IODYRGR[LQ LQIOXHQFHG WKH LQWHUPROHFXODU (7 UDWH >@ :H KDYH UHFHQWO\ UHYHDOHG WKDW
HQKDQFHPHQWRILQWHUIDFLDOK\GURSKRELFLW\LQ)GLQFUHDVHGDQGGHFUHDVHGDFWLYLW\RI)15DQG
VXOILWHUHGXFWDVH6L5UHVSHFWLYHO\>@
$OOWKHVHILQGLQJVUDLVHNH\TXHVWLRQVRQWKHFRQWULEXWLRQRIQRQFRYDOHQWIRUFHVVXFKDV
HOHFWURVWDWLFDQGK\GURSKRELFLQWHUDFWLRQVWRIRUPDWLRQRI(7FRPSOH[HVEHWZHHQRSSRVLWHO\
FKDUJHGUHGR[SURWHLQVDQGRQWKHUHODWLRQVKLSEHWZHHQFRPSOH[DWLRQDQGHQ]\PDWLFDFWLYLW\
XQGHU YDU\LQJ FRQGLWLRQV VXFK DV VDOW VWUHVVHV +RZHYHU PRVW RI VWXGLHV GHVFULEHG WKH
LPSRUWDQFHRIHLWKHUHOHFWURVWDWLFRUK\GURSKRELFFRQWULEXWLRQDQGQRGHWDLOHGVWXG\LVDYDLODEOH
EDVHGRQYDULRXVDSSURDFKHVQRWMXVW(7NLQHWLFV
,Q WKLVFRQWH[WZHKHUHLQVHOHFWHG WKHHQ]\PH6L5DQG LWVSK\VLRORJLFDOHOHFWURQGRQRU
SURWHLQ)GDVPRGHOUHGR[SURWHLQVERWKRIZKLFKDUHGHULYHGIURPWKHPDL]HOHDI3ODQW6L5
LVORFDOL]HGLQFKORURSODVWVDQGFDWDO\]HVWKHUHGXFWLRQRIVXOILWH>@6L5SOD\VDNH\UROHLQ
WKHELRV\QWKHWLFDVVLPLODWLRQRIVXOIXUFRQWDLQLQJDPLQRDFLGVIURPLQRUJDQLFVXOIXUDVZHOODV


LQSURWHFWLRQDJDLQVWWKHWR[LFLW\DVVRFLDWHGZLWKWKHDFFXPXODWLRQRIVXOILWHLQSODQWOHDYHV>@
6L5 VHTXHQWLDOO\ UHFHLYHV VL[ HOHFWURQV IURP WKH HOHFWURQ FDUULHU )G WKURXJK WKH UHSHDWHG
IRUPDWLRQDQGGLVVRFLDWLRQRIWKH)G6L5FRPSOH[DQGXVHVWKHVHHOHFWURQVWRUHGXFHVXOILWHWR
VXOILGH$UHFHQWFU\VWDOORJUDSKLFDQDO\VLVVKRZHGWKDW6L5FRQVLVWVRIKHOLFHVUHVLGXHV
DQGVWUDQGVUHVLGXHVZKLFKFRUUHVSRQGWRRIUHVLGXHVDQGWKHWHUPLQDO
UHVLGXHVDQGDORRSRI*$DUHKLJKO\IOH[LEOH>@6L5FRQWDLQVWZRUHGR[FHQWHUVRQH
>)H6@ FOXVWHU DQG RQH VLURKHPH IRU LQWUDPROHFXODU HOHFWURQ WUDQVIHU DQG FDWDO\VLV )RXU
FRQVHUYHGF\VWHLQHUHVLGXHV&&&DQG&IRUOLJDWLQJWKH>)H6@FOXVWHU
DQG VLURKHPH DQG IRXU FRQVHUYHG UHVLGXHV 5 5 . DQG . ZKLFK PD\ EH
LPSRUWDQWIRUVXEVWUDWHUHFRJQLWLRQZHUHVWUXFWXUDOO\UHYHDOHG6L5VKRZHGK\GURSKRELFDQG
K\GURSKLOLFVXUIDFHVLQFOXGLQJSRVLWLYHO\FKDUJHGSDWFKHV
2XU SUHYLRXV VWXG\ GHPRQVWUDWHG WKH LPSRUWDQFH RI HOHFWURVWDWLF LQWHUDFWLRQV EHWZHHQ
QHJDWLYHO\FKDUJHG UHVLGXHV RQ )G DQG SRVLWLYHO\FKDUJHG UHVLGXHV RQ 6L5 IRU FRPSOH[
IRUPDWLRQDQG6L5DFWLYLW\>@0XWDJHQLFQHXWUDOL]DWLRQRIQHJDWLYHFKDUJHVRI)GRQ
SXWDWLYHLQWHUIDFHVIRU6L5GHFUHDVHGELQGLQJDELOLW\RI)GDQG6L5DFWLYLW\>@+RZHYHU
QRQHOHFWURVWDWLFFRQWULEXWLRQVEHWZHHQ)GDQG6L5WRIRUPDWLRQRIDQ(7FRPSOH[DQG6L5
DFWLYLW\DUHVWLOOSRRUO\XQGHUVWRRG
:HSHUIRUPHGLQGHSWKELRFKHPLFDODQGELRSK\VLFDOVWXGLHVRQWKHUROHRIHOHFWURVWDWLFDQG
QRQHOHFWURVWDWLF IRUFHVDW YDULRXV1D&O FRQFHQWUDWLRQV WRFRQWURO LRQLF VWUHQJWK DQG UHIOHFW
SK\VLRORJLFDOFRQGLWLRQVXVLQJWZRW\SHVRI6L5DFWLYLW\DVVD\VFDORULPHWU\IRUWKHUPRG\QDPLF
FKDUDFWHUL]DWLRQRIFRPSOH[IRUPDWLRQDQG105VSHFWURVFRS\WRH[DPLQHWKHELQGLQJVLWHDQG
PRGHDWWKHUHVLGXHOHYHO:HHOXFLGDWHLPSRUWDQFHRIQRQHOHFWURVWDWLFLQWHUDFWLRQVDQGKRZ
QRQFRYDOHQW LQWHUSURWHLQ IRUFHV FRQWURO WKHUPRG\QDPLFDOO\ DQG PHFKDQLFDOO\ WKH )G6L5
FRPSOH[IRU6L5DFWLYLW\GHSHQGLQJRQFKDQJHVLQWKH1D&OFRQFHQWUDWLRQ



0$7(5,$/6$1'0(7+2'6
3UHSDUDWLRQRISURWHLQV
5HFRPELQDQW6L5IURPWKHPDL]HOHDIZDVRYHUH[SUHVVHGLQEscherichia coliVWUDLQJM109FHOOV
DW&XVLQJ/XULD%HUWDQLPHGLXP>@&HOOVZHUHJURZQZLWKYLJRURXVDHUDWLRQDW&
IRU  KRXUV $IWHU GHFUHDVLQJ WKH FXOWXUH WHPSHUDWXUH WR  & LVRSURS\Oȕ'
WKLRJDODFWRS\UDQRVLGHZDVDGGHGDWDILQDOFRQFHQWUDWLRQRIP0&HOOVZHUHFROOHFWHGE\
FHQWULIXJDWLRQ DW  USP IRU  PLQ DIWHU IXUWKHU FXOWLYDWLRQ RYHUQLJKW 7KH\ ZHUH WKHQ
VXVSHQGHGLQP07ULV+&OEXIIHUS+FRQWDLQLQJP01D&OP00J&OP0
HWK\OHQHGLDPLQHWHWUDDFHWLFDFLGDQGȕPHUFDSWRHWKDQRO
$IWHUDGGLQJSKHQ\OPHWK\OVXOIRQ\O IOXRULGHDWD ILQDOFRQFHQWUDWLRQRIP0 WKHFHOO
VXVSHQVLRQVZHUHGLVUXSWHGE\VRQLFDWLRQRQLFH7KHEURNHQFHOOVXVSHQVLRQZDVFHQWULIXJHG
DWUSPIRUPLQDQGWKHVXSHUQDWDQWZDVSDVVHGWKURXJKDQDQLRQH[FKDQJHFROXPQ
'( UHVLQ *( +HDOWKFDUH 86$ 6L5 SURWHLQV ZHUH UHFRYHUHG IURP WKH IORZWKURXJK
IUDFWLRQDQGIUDFWLRQDWHGE\VDOWLQJRXWZLWKFRQFHQWUDWLRQVRIDPPRQLXPVXOIDWHEHWZHHQ
DQG7KHSUHFLSLWDWHGSURWHLQVZHUHGLDO\]HGDJDLQVWP07ULV+&OEXIIHU S+
RYHUQLJKWDW&
7KHGLDO\]HGSURWHLQVZHUH DSSOLHG WR D'($(7R\RSHDUO DQLRQH[FKDQJHFROXPQ *(
+HDOWKFDUH86$DQGDFKURPDWRJUDSKLFOLQHDUJUDGLHQWRI1D&OGHYHORSHGIURPWRP0
LQ  P0 7ULV+&O EXIIHU S+  7KH 6L5 IUDFWLRQV REWDLQHG ZHUH DSSOLHG WR D
SKHQ\OVHSKDURVHFROXPQ*(+HDOWKFDUH86$DQGHOXWHGZLWKDUHYHUVHOLQHDUJUDGLHQWRI
DPPRQLXPVXOIDWHIURPWR
5HFRPELQDQW)GVIURPWKHPDL]HOHDIZHUHRYHUH[SUHVVHGLQEscherichia coliVWUDLQJM109
FHOOVDQGSXULILHGDVGHVFULEHGSUHYLRXVO\>@)GXQLIRUPO\ ODEHOHGZLWK1IRU105


PHDVXUHPHQWV ZHUH REWDLQHG E\ FXOWXULQJ WKH EDFWHULDO FHOOV LQ DQ 0 PLQLPXP PHGLXP
FRQWDLQLQJ1+&ODVWKHVROHQLWURJHQVRXUFH

(Q]\PDWLFDFWLYLW\DVVD\
)GDQGPHWK\OYLRORJHQ09GHSHQGHQW6L5DFWLYLWLHVZHUHDVVD\HGXVLQJD UHFRQVWLWXWHG
HOHFWURQ WUDQVIHU V\VWHP WKDW UHVXOWHG LQ WKH SURGXFWLRQ RI F\VWHLQH 7KH UHDFWLRQ PL[WXUH
FRQWDLQLQJ)G0RU09P06L5Q0VRGLXPVXOILWHP02DFHW\OVHULQH
P0DQGF\VWHLQHV\QWKDVH8LQP07ULV+&OEXIIHUS+ZDVSUHSDUHGDW
YDULRXV1D&OFRQFHQWUDWLRQVIURPWRP0DW&
6L5 UHGXFWLRQ ZDV LQLWLDWHG E\ DQ LQWHUPROHFXODU HOHFWURQ WUDQVIHU IURP )G ZKLFK ZDV
UHGXFHGE\1D625HGXFHG6L5VHTXHQWLDOO\FRQYHUWHGVXOILWHWRVXOILGH&\VWHLQHV\QWKDVH
LQWKHSUHVHQFHRI2DFHW\OVHULQHSURGXFHGF\VWHLQHIURPVXOILGH7KHUHDFWLRQZDVVWRSSHG
LQPLQDIWHUUHGXFLQJ6L5E\WKHDGGLWLRQRIWULFKORURDFHWLFDFLGDWDILQDOFRQFHQWUDWLRQRI
YROXPHYROXPH7KHVROXWLRQZDVSURPSWO\FHQWULIXJHGDWUSPIRUPLQDQG
 O RI WKH VXSHUQDWDQW ZDV FROOHFWHG $IWHU DGGLQJ  O DFHWLF DFLG DQG  O DFLG
QLQK\GULQUHDJHQWWRWKHVXSHUQDWDQWWKHVROXWLRQZDVKHDWHGDW&IRUPLQ7KHIXUWKHU
DGGLWLRQRIOHWKDQROWRWKHVROXWLRQDOORZHGWKHSURGXFWLRQRIF\VWHLQHWREHPRQLWRUHG
E\LQFUHDVHVLQDEVRUSWLRQLQWHQVLW\DWQP
,QRUGHUWRFDOFXODWHWKH0LFKDHOLVFRQVWDQWKPDQGWXUQRYHUQXPEHUkFDWGDWDREWDLQHG
DWWKHYDULRXVFRQFHQWUDWLRQRI)GDQG0DQG1D&O
DQGP0ZHUHILWWRWKH0LFKDHOLV0HQWHQHTXDWLRQHTXDWLRQ

                     (TXDWLRQ

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

ZKHUH v LQGLFDWHV WKH LQLWLDO YHORFLW\ RI WKH FDWDO\WLF UHDFWLRQ RI 6L5 DQG >6L5@ DQG >)G@
LQGLFDWHWKHFRQFHQWUDWLRQVRIWRWDO6L5DQGIUHH)GLQWKHUHDFWLRQPL[WXUHUHVSHFWLYHO\

,VRWKHUPDOWLWUDWLRQFDORULPHWU\
7KHLVRWKHUPDOFDORULPHWULFWLWUDWLRQRI)GWR6L5LQP07ULV+&OEXIIHUS+FRQWDLQLQJ
1D&OLQWKHUDQJHRIP0DQGP0ZDVFRQGXFWHGXVLQJD93
,7& LQVWUXPHQW 0DOYHUQ 8. DW  & RU  & DQG  & DW  P0 1D&O %LQGLQJ
UHDFWLRQVZHUHLQLWLDWHGE\DGGLQJ)GP0LQDV\ULQJHWR6L5P0LQWKHFHOO
DWHDFK1D&OFRQFHQWUDWLRQ7KHWLWUDWLRQRI)GFRPSULVHGLQMHFWLRQVZLWKDVSDFLQJWLPHRI
VDQGVWLUULQJVSHHGRIUSP7KHLQMHFWLRQYROXPHZDVRUP/IRUHDFKLQMHFWLRQ
7KHFRUUHVSRQGLQJKHDWRI WKHGLOXWLRQRI)GWLWUDWHG WR WKHEXIIHUZDVXVHGWRFRUUHFWGDWD
%LQGLQJLVRWKHUPVZHUHDQDO\]HGZLWKWKHWKHRUHWLFDOFXUYHRIHTXDWLRQ

� =  �[SiR]�∆�bind�02 (1 + [Fd]t�[SiR]t +
�d�[SiR]t − √(1 +
[Fd]t�[SiR]t +
�d�[SiR]t)
2 − 4[Fd]t�[SiR]t)
             (TXDWLRQ

ZKHUHQDQGnDUHWKHWRWDOKHDWFRQWHQWDQGELQGLQJVWRLFKLRPHWU\RI)GSHU6L5UHVSHFWLYHO\
'HELQG LQGLFDWHVWKHFKDQJHLQHQWKDOS\IRUWKHELQGLQJUHDFWLRQDQGVLVWKHYROXPHRIWKH
FDORULPHWHUFHOOaPO7KHWRWDOFRQFHQWUDWLRQVRI6L5DQG)GDUHVKRZQDV>6L5@WDQG
>)G@WUHVSHFWLYHO\DWDQ\JLYHQSRLQWGXULQJWLWUDWLRQVKGLQGLFDWHVWKHGLVVRFLDWLRQFRQVWDQW
ZKLFK LV WKH LQYHUVHRI WKHDVVRFLDWLRQFRQVWDQW KD7KHYDOXHVRIn'HELQG DQGKGZHUH
REWDLQHGEDVHGRQDQRQOLQHDUILW WRHTXDWLRQ'HWDLOVRI WKHGHULYDWLRQRIHTXDWLRQDUH
SURYLGHGLQ6XSSOHPHQWDU\PDWHULDO


&KDQJHVLQ*LEEVIUHHHQHUJ\'GELQGDQGHQWURS\'SELQGRIELQGLQJZHUHFDOFXODWHGE\
XVLQJWKHNQRZQYDOXHVRI'HELQGDQGKGDQGWKHWKHUPRG\QDPLFUHODWLRQVKLSVLQHTXDWLRQ
DQG

'GELQG RT OQ KELQG RT OQ KG        (TXDWLRQ

'GELQG 'HELQGT'SELQG         (TXDWLRQ

ZKHUHRDQGTDUHWKHJDVFRQVWDQWDQGWHPSHUDWXUHUHVSHFWLYHO\

&LUFXODUGLFKURLVPPHDVXUHPHQWV
)DU89FLUFXODUGLFKURLVP&'PHDVXUHPHQWVRIȝ0PJPO6L5ZHUHFDUULHGRXWLQ
P07ULV+&OEXIIHUS+FRQWDLQLQJ1D&OUDQJLQJIURPWRP0DW&+HDW
VFDQQLQJRI6L5IURPWR&ZDVDOVRSHUIRUPHGE\PRQLWRULQJ&'VLJQDOVDWQPDW
D UDWH RI  & SHU PLQXWH 7KH DSSDUHQW PHOWLQJ WHPSHUDWXUH TP ZDV GHWHUPLQHG E\ D
UHJUHVVLRQDQDO\VLVXVLQJDQRQOLQHDU OHDVW VTXDUHV ILWWLQJRIGDWD WR WKH VLJPRLGDO HTXDWLRQ
XQGHUWKHDVVXPSWLRQRIDWZRVWDWHWUDQVLWLRQEHWZHHQIROGHGDQGXQIROGHGVWDWHV,WVKRXOGEH
QRWHG WKDW ZH SHUIRUPHG WKHUPRG\QDPLF DQDO\VHV DOWKRXJK WKHUPDO XQIROGLQJ RI 6L5 ZDV
LUUHYHUVLEOH

șREV  ?a±c??b±d?T
H[S?± ǻHJOREDOTP
R
?
T
± 
TP?  ǻCSJOREDOR ?TPT ±OQ TTP?? ?cdT?
(TXDWLRQ



ZKHUHșREV LVWKHVLJQDOLQWHQVLW\PRQLWRUHGE\&'7KHSUHDQGSRVWXQIROGLQJEDVHOLQHVDUH
GHVFULEHGE\abTDQGcdTT TPDQGRLQGLFDWHWHPSHUDWXUHWKHPLGSRLQWWHPSHUDWXUH
RIGHQDWXUDWLRQDQGJDVFRQVWDQWUHVSHFWLYHO\7KHFKDQJHLQHQWKDOS\IRUWKHJOREDOXQIROGLQJ
RI6L5LVUHSUHVHQWHGE\'HJOREDODQGWKHFKDQJHLQKHDWFDSDFLW\LVVKRZQE\'CSJOREDO'HWDLOV
RIWKHGHULYDWLRQRIHTXDWLRQDUHDYDLODEOHLQ6XSSOHPHQWDU\PDWHULDO&'PHDVXUHPHQWVZHUH
SHUIRUPHGZLWKD-VSHFWURSRODULPHWHU-DVFR-DSDQXVLQJDFHOOZLWKDOLJKWSDWKRIPP
&'VLJQDOVEHWZHHQDQGQPZHUHH[SUHVVHGDVWKHPHDQUHVLGXHHOOLSWLFLW\>ș@GHJ
FPGPRO7HPSHUDWXUHZDVUHJXODWHGXVLQJD37&/3HOWLHUXQLW-DVFR-DSDQ

105PHDVXUHPHQWV
$GHWDLOHG105VWXG\RI6L5 LQVROXWLRQ UHPDLQVGLIILFXOWGXH WR LWV ODUJHVL]H aN'D
ZKLFK FDXVHV VHYHUH SHDN EURDGHQLQJ DQG RYHUODSSLQJ 7KHUHIRUH VROXWLRQVWDWH 105
VSHFWURVFRS\RIWKH+1KHWHURQXFOHDUVLQJOHTXDQWXPFRKHUHQFHFRUUHODWLRQ+64&ZDV
SHUIRUPHGRQ WKHVPDOOHU1XQLIRUPO\ODEHOHG)GSURWHLQaN'D LQ WKHDEVHQFHDQG
SUHVHQFH RI 6L5 XVLQJ DQ $9$1&( ,, VSHFWURPHWHU HTXLSSHG ZLWK D FU\RJHQLF SUREH
%UXNHU*HUPDQ\LQP07ULV+&OEXIIHUS+FRQWDLQLQJ'2DWq&
:H VHOHFWHG 1D&O FRQFHQWUDWLRQV UDQJLQJ IURP  WR  P0 VLQFH WKH PRVW G\QDPLF
FKDQJHVLQ6L5DFWLYLW\ZHUHREVHUYHGLQWKLVFRQFHQWUDWLRQUDQJH,QDGGLWLRQWRPD[LPL]H
GHWHFWLRQ OHYHO RI 105 SHDNV 1D&O FRQFHQWUDWLRQV DERYH  P0ZHUH QRW XVHG DV WKLV
GHFUHDVHVVHQVLWLYLW\ZKHQXVLQJDFU\RJHQLFSUREH$PRODUUDWLREHWZHHQ)G6L5RIZDV
VHOHFWHG ZKLFK DOORZHG XV WR SURPSWO\ GHWHFW 1D&O FRQFHQWUDWLRQGHSHQGHQW FKDQJHV LQ
LQWHUSURWHLQDIILQLW\LHWKHSRSXODWLRQRIFRPSOH[HVVHH5(68/76DWWKHUHVLGXHOHYHOE\
HVFDSLQJVHYHUHSHDNEURDGHQLQJDVZRXOGEHREVHUYHGLQWKHSUHVHQFHRIH[FHVVDPRXQWVRI
6L5/DUJHPROHFXODUZHLJKWVVXFKDVWKDWRIWKH)G6L5FRPSOH[GHFUHDVHWKHVHQVLWLYLW\DQG


UHVROXWLRQRI105SHDNV7KHSURWHLQFRQFHQWUDWLRQVIRU105PHDVXUHPHQWVZHUHP0
IRU)GDQGP0IRU6L5'DWDZHUHSURFHVVHGE\1053LSH>@DQGDQDO\]HGE\6SDUN\
>@
&KHPLFDOVKLIWGLIIHUHQFHV&6'RI)GLQWKHDEVHQFHDQGSUHVHQFHRIDKDOIPRODUDPRXQW
RI6L5KHUHGHVLJQDWHGILQLWHDQDO\VLVZHUHFDOFXODWHGXVLQJHTXDWLRQ

&6''įDYH 'į+1'į1u               (TXDWLRQ

ZKHUH'į+1 DQG'į1 DUH FKDQJHV LQ + DQG 1 FKHPLFDO VKLIWV LQ SSP UHVSHFWLYHO\ 7KH
ZHLJKWLQJ IDFWRURIZDVXVHG WRDGMXVW WKH UHODWLYHPDJQLWXGHVRI WKHDPLGHQLWURJHQ
FKHPLFDOVKLIWUDQJHDQGWKHDPLGHSURWRQFKHPLFDOVKLIWUDQJH
,QRUGHU WRFDOFXODWH WKHFKHPLFDO VKLIWYDOXHVRI)GZKLFKZDVVDWXUDWHGE\6L5 KHUH
GHVLJQDWHGLQILQLWHDQDO\VLVZHXVHGWKHUHODWLRQVKLSLQHTXDWLRQ>@

GREVGIUHH GFRPGIUHH>)G@WKG>)G@W>6L5@W±GFRPGIUHH>)G@WKG>)G@W
>6L5@W>)G@W>6L5@W                                            (TXDWLRQ

ZKHUHGIUHHDQGGREVLQGLFDWHWKHFKHPLFDOVKLIWVRI)GLQWKHIUHHIRUPDQGLQWKHSUHVHQFHRI
6L5UHVSHFWLYHO\GFRPUHSUHVHQWVWKHFKHPLFDOVKLIWVRI)GLQWKHSUHVHQFHRIDQLQILQLWHDPRXQW
RI6L57KHWRWDOFRQFHQWUDWLRQVRI)GDQG6L5DUHUHSUHVHQWHGE\>)G@WDQG>6L5@WUHVSHFWLYHO\

3ULQFLSDOFRPSRQHQWDQDO\VLVRIFKHPLFDOVKLIWSHUWXUEDWLRQ
3ULQFLSDO FRPSRQHQW DQDO\VLV 3&$ ZDV SHUIRUPHG XVLQJ WKH FKDQJH LQ FKHPLFDO VKLIWV
REWDLQHGIURPWKHLQILQLWHDQDO\VLVDWHDFK1D&OFRQFHQWUDWLRQ7KH&6'GDWDZHUHUHSUHVHQWHG


DVDVLQJOHURZYHFWRU7KHQWKHYHFWRUVZHUHXVHGWREXLOGDWZRGLPHQVLRQDOPDWUL[LQZKLFK
WKH URZV ZHUH WKH LQILQLWH &6' GDWD DQG WKH FROXPQV ZHUH WKH YDULDEOHV RI WKH 1D&O
FRQFHQWUDWLRQ7KHPDWUL[VL]HZDVWUDFHDEOHUHVLGXHVDQGGLIIHUHQW1D&OFRQFHQWUDWLRQV
DQGP07KH&6'GDWDRIHDFKUHVLGXHZHUHQRUPDOL]HGXVLQJWKHPHDQ
FHQWHULQJ DQG YDULDQFHVFDOLQJ 3&$ ZDV FDUULHG RXW XVLQJ WKH 5 VWDWLVWLFV SODWIRUP 5
)RXQGDWLRQ IRU 6WDWLVWLFDO &RPSXWLQJ KWWSZZZUSURMHFWRUJ 7KH REWDLQHG HLJHQYDOXHV
ZHUHH[SUHVVHGDVFRQWULEXWLRQUDWLRVIRULQGLYLGXDOSULQFLSDOFRPSRQHQWV3&DQG3&

5(68/76
1D&OFRQFHQWUDWLRQGHSHQGHQWFKDQJHVLQ6L5DFWLYLW\
6L5 DFWLYLW\ LQ WKH UDQJH  P0 1D&O ZDV PHDVXUHG ZLWK WZR GLVWLQFW DVVD\V ZKLFK
GLIIHUHGLQWKHHOHFWURQGRQRUWR6L5HLWKHU)GRU09LH)GDQG09GHSHQGHQW6L5DFWLYLW\
DVVD\V)LJXUHV$DQG%
6L5DFWLYLW\ZDVILUVWH[DPLQHGXVLQJWKH)GGHSHQGHQWDVVD\ZLWKDIL[HGFRQFHQWUDWLRQRI
6L5DQG)G)LJXUH$6L5VKRZHGUHODWLYHO\KLJKDFWLYLW\HYHQLQWKHDEVHQFHRI1D&ODQG
LQFUHDVHGLQDFWLYLW\ZLWKULVLQJ1D&OFRQFHQWUDWLRQVXSWRP0)XUWKHUHOHYDWLRQRI1D&O
FRQFHQWUDWLRQGHFUHDVHG6L5DFWLYLW\7KHDFWLYLW\DWP01D&OZDVURXJKO\VLPLODUWRWKDW
DWP01D&O)XUWKHULQFUHDVHWRKLJKHU1D&OFRQFHQWUDWLRQVVLJQLILFDQWO\GHFUHDVHGDFWLYLW\
$WP01D&OIROGORZHUDFWLYLW\WKDQWKDWDWP01D&OZDVREVHUYHG)RUPRUH
GHWDLOHG LQIRUPDWLRQ ZH SHUIRUPHG D ILW XVLQJ D *DXVVLDQ IXQFWLRQ WR UHYHDO D 1D&O
FRQFHQWUDWLRQ IRU PD[LPXP DFWLYLW\ DQG V\PPHWULF GHSHQGHQFH RI DFWLYLW\ WR WKH 1D&O
FRQFHQWUDWLRQ 7KH EHVWILW UHVXOW LQGLFDWHG WKDW WKH 1D&O FRQFHQWUDWLRQ DW ZKLFK 6L5 KDV
PD[LPXPDFWLYLW\LVDSSUR[LPDWHO\P07DEOH


1H[WWKH09GHSHQGHQW6L5DFWLYLW\DVVD\ZDVSHUIRUPHGDWWKHVDPH1D&OFRQFHQWUDWLRQV
)LJXUH%6L5VKRZHGDSSUHFLDEOHDFWLYLW\DWDOORIWKH1D&OFRQFHQWUDWLRQVH[DPLQHG%\
LQFUHDVLQJ1D&OFRQFHQWUDWLRQVIURPWRP06L5DFWLYLW\LQFUHDVHGSURJUHVVLYHO\DQG
ZDVVDWXUDWHGDWDSSUR[LPDWHO\P01D&O6DWXUDWHG6L5DFWLYLW\ZDVPRUHWKDQWZRIROG
KLJKHUWKDQLQWKHDEVHQFHRI1D&O
0LFKDHOLV0HQWHQNLQHWLFVZHUH LQYHVWLJDWHGE\YDU\LQJ WKH FRQFHQWUDWLRQRI)GZLWK D
IL[HG 6L5 FRQFHQWUDWLRQ )LJXUH & 5HJDUGOHVV RI WKH 1D&O FRQFHQWUDWLRQ LQFUHDVHG )G
FRQFHQWUDWLRQVLQFUHDVHGWKHvYDOXHRI6L5+RZHYHUPD[LPXPvLQFUHDVHGWKHQGHFUHDVHG
ZLWK LQFUHDVLQJ 1D&O FRQFHQWUDWLRQ DV VKRZQ LQ WKH vPD[ YDOXH 7DEOH  7KH 1D&O
FRQFHQWUDWLRQ ZLWK WKH KLJKHVW vPD[ ZDV EHVW ILW WR DSSUR[LPDWHO\  P0 6LPLODUO\ kFDW
LQFUHDVHGZLWK LQFUHDVLQJ1D&OFRQFHQWUDWLRQ WRP01D&OZKLOH IXUWKHU LQFUHDVH LQ
1D&OUHVXOWHGLQGHFUHDVHGkFDW)LJXUH')LWWLQJUHVXOWVUHYHDOHGWKDWkFDWZDVPD[LPDODW
DSSUR[LPDWHO\  P0 1D&O 7DEOH  KP RI 6L5 IRU )G DOVR VKRZHG 1D&O FRQFHQWUDWLRQ
GHSHQGHQFH 7KH YDOXH RI KP GHFUHDVHG IURP  WR  P0 1D&O DQG LQFUHDVHG DV 1D&O
FRQFHQWUDWLRQV URVH DERYH  P0 )LJXUH ' $ PLQLPXP KP YDOXH ZDV EHVW ILW WR
DSSUR[LPDWHO\  P0 1D&O 7KH FDWDO\WLF HIILFLHQF\ kFDWKP DOVR VKRZHG D VLPLODU VDOW
FRQFHQWUDWLRQGHSHQGHQWSURILOHWRWKDWRIvPD[DQGkFDWZLWKDPD[LPXPDWDSSUR[LPDWHO\
P01D&O7DEOH,WVKRXOGEHQRWHGWKDWRWKHUILWIXQFWLRQVPD\EHXVHGIRUVFDWWHUHGGDWD
LQ)LJXUH$DQG'

7KHUPRG\QDPLF LQYHVWLJDWLRQ RI LQWHUSURWHLQ LQWHUDFWLRQV EHWZHHQ )G DQG 6L5 E\
LVRWKHUPDOWLWUDWLRQFDORULPHWU\


7RREWDLQLQIRUPDWLRQRQXQGHUO\LQJWKHUPRG\QDPLFFRQWULEXWLRQWRELQGLQJEHWZHHQ)GDQG
6L5ZHFDUULHGRXWDQHQHUJHWLFLQYHVWLJDWLRQXVLQJLVRWKHUPDOWLWUDWLRQFDORULPHWU\,7&DW
YDULRXV1D&OFRQFHQWUDWLRQVDQGq&)LJXUH
'XULQJWLWUDWLRQRILQFUHDVLQJ)GWR6L5H[RWKHUPLF,7&SHDNVLQWKHUPRJUDPVGHULYHG
IURPIRUPDWLRQRIWKH)G6L5FRPSOH[ZHUHREVHUYHGDW1D&OFRQFHQWUDWLRQVEHWZHHQDQG
P0)LJXUH$XSSHUSDQHOV,7&WKHUPRJUDPVDWHDFK1D&OFRQFHQWUDWLRQH[FHSW
P0VKRZHGWKHGHFUHDVHGPDJQLWXGHLQWKHQHJDWLYH,7&SHDNVZLWKFRQVHFXWLYHWLWUDWLRQRI
)G$WWKHKLJKHUPRODUUDWLRRI)GWR6L5WKH,7&SHDNLQWHQVLW\UHDFKHGWKHOHYHORIGLOXWLRQ
DQGPL[LQJKHDWZKLFKLQGLFDWHGWKHFRPSOHWLRQRIELQGLQJUHDFWLRQV$WP01D&OWKH
DSSDUHQWKHDWRIELQGLQJZDVWRRVPDOOWREHREVHUYHG
$QDO\VLV RI WKH ,7& WKHUPRJUDP DQG ELQGLQJ LVRWKHUP XVLQJ WKH ILW DQG WKHRUHWLFDO
HTXDWLRQV)LJXUH$ORZHUSDQHOVUHYHDOHGWKHXQGHUO\LQJWKHUPRG\QDPLFSDUDPHWHUVIRU
)G6L5 FRPSOH[ IRUPDWLRQ FKDQJH LQ HQWKDOS\ 'HELQG HQWURS\ 'SELQG DQG IUHH HQHUJ\
'GELQGDVZHOODVWKHGLVVRFLDWLRQFRQVWDQWKGZLWKELQGLQJVWRLFKLRPHWU\n7DEOH7KH
ELSKDVLFELQGLQJLVRWKHUPLQWKHDEVHQFHRI1D&OZDVEHVWILWE\DPRGHOZLWKWZRLQWHUDFWLQJ
VLWHVZKLFKKDYHGLIIHUHQWELQGLQJDIILQLW\UHYHDOLQJWKHGLVWLQFWWKHUPRG\QDPLFSDUDPHWHUV
)LJXUH$OHIWXSSHUFRQVLVWHQWZLWKRXUSUHYLRXVVWXG\>@
'HELQG YDOXHV REWDLQHG DW WKH RWKHU 1D&O FRQFHQWUDWLRQV ZHUH DOO QHJDWLYH DQG WKHLU
PDJQLWXGHV GHFUHDVHG IURP  WR  NFDO PRO ZLWK LQFUHDVLQJ WKH 1D&O FRQFHQWUDWLRQ
)LJXUH%2QWKHRWKHUKDQGDOO'SELQGYDOXHVZHUHSRVLWLYHZLWKUHODWLYHO\VPDOOGLIIHUHQFHV
NFDOPROEHLQJREVHUYHG7KHELQGLQJDIILQLW\EHWZHHQ)GDQG6L5JUDGXDOO\EHFDPH
ZHDNHUZLWKLQFUHDVHVLQWKHFRQFHQWUDWLRQRI1D&OEHFDXVHKGH[SRQHQWLDOO\LQFUHDVHG)LJXUH
'DQGDFFRUGLQJO\'GELQGGHFUHDVHGPRQRWRQLFDOO\LQPDJQLWXGHIURPWRNFDOPRO
)LJXUH%


$OWKRXJKZHFDQQRWH[FOXGHWKHSRVVLELOLW\WKDWYDULDWLRQEHWZHHQKGDQGKPZDVFDXVHG
E\WHFKQLFDOGLIIHUHQFHVEHWZHHQ,7&DQGHQ]\PHDVVD\VLWLVPRUHOLNHO\WKDWWKHVHGLIIHUHQFHV
DULVH IURP WKH IDFW WKDW KG YDOXHV REWDLQHG IURP ,7& UHSRUW DOO SK\VLFDO ELQGLQJ UHDFWLRQV
LQFOXGLQJSURGXFWLYHDQGQRQSURGXFWLYHFRPSOH[IRUPDWLRQZKLOHKPYDOXHVREWDLQHGIURP
0LFKDHOLV0HQWHQ NLQHWLFV UHIOHFW WKH DIILQLW\ RI WKH RQO\ SURGXFWLYH FRPSOH[ UHVXOWLQJ LQ
HQ]\PHDFWLYLW\
,7&PHDVXUHPHQWVDWGLVWLQFWWHPSHUDWXUHVDQGq&ZHUHIXUWKHUSHUIRUPHGLQWKH
SUHVHQFHRIP01D&O)LJXUH$VHULHVRIQHJDWLYH,7&SHDNVUHSUHVHQWLQJH[RWKHUPLF
UHDFWLRQVZHUHREVHUYHGDWERWKWHPSHUDWXUHV)LJXUHV$DQG%'HFUHDVLQJWKHWHPSHUDWXUH
IURPWRDQGq&UHVXOWHGLQVOLJKWLQFUHDVHVDQGGHFUHDVHVUHVSHFWLYHO\LQWKHQHJDWLYH
YDOXHVIRU'HELQGDQGT'SELQG)LJXUH&DQG7DEOH7KXVWKHWHPSHUDWXUHGHSHQGHQFHRI
'HELQGDQGT'SELQGZHDNHQHGLQWHUSURWHLQDIILQLW\RQGHFUHDVLQJWHPSHUDWXUHE\VKRZLQJWKH
GHFUHDVHLQWKHPDJQLWXGHRI'GELQGIURPNFDOPRODWq&WRNFDOPRODWq&
$W DOO 1D&O FRQFHQWUDWLRQV DQG WHPSHUDWXUHV H[FHSW IRU  P0 1D&O WKH n YDOXH ZDV
DSSUR[LPDWHO\  ZKLFK VXJJHVWHG D WR ELQGLQJ VWRLFKLRPHWU\ EHWZHHQ )G DQG 6L5 LQ
VROXWLRQ +RZHYHU LQ WKH DEVHQFH RI 1D&O WKH KLJK ELQGLQJ DIILQLW\ VLWH DW D PRODU UDWLR
>)G@>6L5@ORZHUWKDQaVKRZHGDQnYDOXHRIDSSUR[LPDWHO\DQGWKHORZELQGLQJDIILQLW\
VLWHDWKLJKHUPRODUUDWLRVIURPaWRaLQGLFDWHGDQnYDOXHRIa

&KDQJHVLQVWDWLFVWUXFWXUHVDQGJOREDOG\QDPLFVRI6L5DWYDULRXV1D&OFRQFHQWUDWLRQV
H[DPLQHGE\IDU89&'VSHFWURVFRS\
,QRUGHUWRLQYHVWLJDWHFKDQJHVLQWKHVWDWLFDQGG\QDPLFVWUXFWXUHVRI6L5LQWKHSUHVHQFHRI
1D&OIDU89&'PHDVXUHPHQWVZHUHSHUIRUPHGDWYDULRXV1D&OFRQFHQWUDWLRQV)LJXUH
6WDWLF FRQIRUPDWLRQVRI6L5DW WKH OHYHORI VHFRQGDU\ VWUXFWXUHZHUH ILUVW LQYHVWLJDWHG7KH


UHVXOWVREWDLQHGLQWKHIDU89UHJLRQZLWKRXW1D&OVKRZWKHFKDUDFWHULVWLFVSHFWUDRIDPL[WXUH
RIDKHOLFDODQGEVWUDQGVWUXFWXUHVZLWKPLQLPDDWDQGQP)LJXUH$$VHULHVRI
IDU89&'VSHFWUDRI6L5ZHUHREWDLQHGDWYDULRXV1D&OFRQFHQWUDWLRQVWRIXUWKHUFKDUDFWHUL]H
WKH FKDQJH LQ WKH VWUXFWXUH RI 6L5 1R FKDQJH ZDV REVHUYHG LQ WKH SDWWHUQ RI &' VSHFWUD
LQGLFDWLQJWKDW1D&OGRHVQRWSHUWXUEWKHVHFRQGDU\VWUXFWXUHRI6L5
6XEJOREDODQGJOREDOG\QDPLFVEHWZHHQIROGHGDQGXQIROGHGFRQIRUPDWLRQVZLWKRXW1D&O
ZHUHH[DPLQHGE\REVHUYLQJ&'VSHFWUDZLWKLQFUHDVLQJWHPSHUDWXUHIURPWR&)LJXUHV
%DQG&7KHPDJQLWXGHRIZKROH&'VLJQDOVGHFUHDVHGZLWKLQFUHDVHVLQWKHWHPSHUDWXUH
IURPDSSUR[LPDWHO\&DQGZHUHVDWXUDWHGIURPDSSUR[LPDWHO\&)LJXUH%LQGLFDWLQJ
FRRSHUDWLYH JOREDO XQIROGLQJ )LJXUH & 7KH &' VSHFWUXP DW  & H[KLELWHG QR
FKDUDFWHULVWLFSURILOHZLWKORZ&'LQWHQVLW\HYHQLQWKHSUHVHQFHRI1D&O)LJXUHV$DQG%
LQGLFDWLQJWKHWKHUPDOO\XQIROGHGVWDWHRI6L57KHFRQIRUPDWLRQDOWUDQVLWLRQZDVEHVWILWE\D
WZRVWDWH WUDQVLWLRQ PRGHO RI WKH JOREDO G\QDPLFV RI 6L5 ZLWKRXW UHFRJQL]DEOH VXEJOREDO
G\QDPLFVSURGXFLQJDPHOWLQJWHPSHUDWXUHTPRI&DQGDQHQWKDOS\FKDQJHIRUJOREDO
XQIROGLQJ'HJOREDORIDSSUR[LPDWHO\NFDOPRO7DEOH7KHDGGLWLRQRI1D&OLQFUHDVHG
FRRSHUDWLYLW\ RI WKH WZRVWDWH WKHUPDO WUDQVLWLRQ ZKLFK LQFUHDVHG WKH PDJQLWXGH RI'HJOREDO
7DEOHDQGWKHWUDQVLWLRQFXUYHZDVJUDGXDOO\VKLIWHGWRDKLJKHUWHPSHUDWXUHZLWKLQFUHDVHV
LQWKHFRQFHQWUDWLRQRI1D&O)LJXUH&

5HVLGXHEDVHGLQYHVWLJDWLRQRI1D&OFRQFHQWUDWLRQGHSHQGHQW LQWHUSURWHLQLQWHUDFWLRQV
E\VROXWLRQVWDWH105VSHFWURVFRS\
,QIRUPDWLRQ DERXW ZHDN DQG VWURQJ LQWHUPROHFXODU LQWHUDFWLRQV REWDLQHG E\ 105
VSHFWURVFRS\LVH[WUHPHO\XVHIXOLQHYDOXDWLQJWKHLQWHUDFWLQJVLWHDQGELQGLQJPRGHRISURWHLQV
LQVROXWLRQZKLFKDUHRWKHUZLVHGLIILFXOWWRGHWHFWDWWKHUHVLGXHOHYHO>@


6KDUS105VLJQDOVRI1ODEHOHG)GDORQHZHUHZHOOGLVWULEXWHGLQ+1+64&VSHFWUD
DW DOO 1D&O FRQFHQWUDWLRQV H[DPLQHG LQGLFDWLQJ WKDW 1D&O GRHV QRW GLVWXUE WKH VWUXFWXUDO
LQWHJULW\RIQDWLYH)G:HWKHQUHFRUGHGWKH+1+64&VSHFWUDRI1ODEHOHG)GLQWKH
SUHVHQFHRI6L5DWHDFK1D&OFRQFHQWUDWLRQ0DQ\)GSHDNVZHUHVKLIWHGZLWKWKHDGGLWLRQRI
6L5 DW  P0 1D&O )LJXUHV $& ZKLFK LQGLFDWHV SHUWXUEDWLRQ RI HOHFWURPDJQHWLF
HQYLURQPHQWV LQGXFHG E\ WKH IRUPDWLRQ RI D )G6L5 FRPSOH[ 2Q GHFUHDVLQJ WKH 1D&O
FRQFHQWUDWLRQIURPWRP0WKHGHJUHHRISHDNVKLIWVLQFUHDVHG)LJXUH$LQVHWZKLFK
VXJJHVWVDQLQFUHDVHLQWKHSRSXODWLRQRIWKH)G6L5FRPSOH[
7RREWDLQGHWDLOHGTXDQWLWDWLYHDQGTXDOLWDWLYHLQIRUPDWLRQZHFDOFXODWHGWKHFKHPLFDOVKLIW
GLIIHUHQFH&6')LJXUHV'DQG(DQGPDSSHGWKHUHVLGXHVRQWRDSUHYLRXVO\GHWHUPLQHG
FU\VWDOVWUXFWXUHRI)G)LJXUH>@:HXVHGWZR&6'DQDO\VHVILQLWHDQGLQILQLWHDQDO\VHV
VHH0$7(5,$/6$1'0(7+2'66LQFHILQLWHDQDO\VLVSURYLGHVHDV\HYDOXDWLRQRIWKH
)G6L5 FRPSOH[ SRSXODWLRQ LW DOORZV LGHQWLILFDWLRQ RI NH\ )G UHVLGXHV IRU IRUPDWLRQ RI D
FRPSOH[ZLWK6L52QWKHRWKHUKDQG LQILQLWHDQDO\VLVDOORZVLGHQWLILFDWLRQRI WKHDFFXUDWH
ELQGLQJLQWHUIDFHRI)GZKLFKLVIXOO\RFFXSLHGZLWK6L5WKHUHE\UHYHDOLQJVXEWOHGLIIHUHQFHV
LQWKHELQGLQJPRGHVDQGUHODWLQJUHVLGXHV
)LQLWHDQDO\VLVVKRZHGWKDWERWKWKHQXPEHURIUHVLGXHVZLWKKLJK&6'RYHUDQG
RYHUDOO &6' YDOXHV GHFUHDVHG ZLWK LQFUHDVLQJ 1D&O FRQFHQWUDWLRQV LQGLFDWLQJ ZHDNHQHG
LQWHUSURWHLQDIILQLW\+RZHYHUGHVSLWHWKHGHFUHDVHLQDPSOLWXGHRI&6'WKHLGHQWLW\RI)G
UHVLGXHVVKRZLQJ&6'ZHUHVLPLODU)LJXUH'
0DSSLQJ UHVXOWV IURPILQLWHDQDO\VLVFODULILHG WKDWPDQ\QHJDWLYHO\FKDUJHG)G UHVLGXHV
ZHUHSHUWXUEHGLQWKHSUHVHQFHRI6L5DQGFOXVWHUHGDVH[SHFWHGKRZHYHUSRODUDQGDSRODU
UHVLGXHV DOVR VKRZHG SHUWXUEDWLRQV UHJDUGOHVV RI WKH 1D&O FRQFHQWUDWLRQ )LJXUH $ 7KH
UHVLGXHVVKRZLQJJUHDWHVW&6'ZHUHPRVWO\LQWKHWKUHHSDUWVRI)GERWKWHUPLQDOSDUWVDQG


WKHFHQWUDOSDUW LQGLFDWLQJ WKDW WKHVHUHJLRQVRI)GDUHLQYROYHGLQFRPSOH[IRUPDWLRQZLWK
6L5UHSUHVHQWDWLYHO\(DQG(LQWKH1WHUPLQDOSDUWV$('/<'
DQG<DURXQGWKH>)H6@FOXVWHUDQG.(DQG7LQWKH&WHUPLQDOSDUW
,QILQLWH DQDO\VLV )LJXUH ( DQG PDSSLQJ UHVXOWV )LJXUH % UHYHDOHG QR PDUNHG
GLIIHUHQFHVLQWKHRYHUDOOELQGLQJLQWHUIDFHVRI)GIRU6L5RYHUWKHUDQJHRIWRP01D&O
KRZHYHUWKHUHODWLYHFRQWULEXWLRQVRIHDFKELQGLQJUHJLRQDQGLQWHUDFWLQJUHVLGXHWRFRPSOH[
IRUPDWLRQDQGPRGXODWLRQZHUHGLIIHUHQW7KHFHQWUDOUHJLRQVLQWKHSULPDU\VHTXHQFHRI)G
FHQWHUHGRQWKH>)H6@FOXVWHUVXFKDV$(*'/<DQG<JHQHUDOO\
VKRZHGWKHVWURQJHVWSHUWXUEDWLRQUHJDUGOHVVRIWKH1D&OFRQFHQWUDWLRQVXJJHVWLQJWKDWWKHVH
UHVLGXHV KHUHDIWHU FDOOHG VWDELOL]LQJ UHVLGXHV ZHUH WKH PRVW IXQGDPHQWDO UHVLGXHV IRU
PDLQWDLQLQJWKHFRPSOH[VWDWH2QWKHRWKHUKDQGWKHPDJQLWXGHRI&6'RQERWKWHUPLQDOSDUWV
VXFKDV(DQG(LQWKH1WHUPLQDOSDUWDQG.((DQG7LQWKH&WHUPLQDOSDUW
GHVLJQDWHG UHJXODWLQJ UHVLGXHVGHFUHDVHGRQ LQFUHDVLQJ WKH1D&OFRQFHQWUDWLRQ LQGLFDWLQJ
GLVWLQFWELQGLQJPRGHVVHH',6&866,21
,QRUGHUWRREWDLQPRUHLQIRUPDWLRQRQWKHFKDQJHLQWKHELQGLQJLQWHUIDFHEHWZHHQ)GDQG
6L5GHSHQGLQJRQWKH1D&OFRQFHQWUDWLRQSULQFLSDOFRPSRQHQWDQDO\VLV3&$ZDVSHUIRUPHG
RQ WKH LQILQLWH&6'UHVXOWVVLQFH3&$LVDXVHIXOVWDWLVWLFDOPHWKRGDQGUHGXFHVDFRPSOH[
GDWDVHWWRORZHUGLPHQVLRQWRUHYHDOKLGGHQLQWHUUHODWLRQVKLSVDPRQJPDQ\REMHFWV7KHWZR
GLPHQVLRQDO3&$SORW3&YV3&DFFRXQWHGIRURIWRWDOYDULDQFH)LJXUH)ZKLFK
LQGLFDWHGDKLJKLQIRUPDWLRQFRQWHQWIRUWKH3&$SORW3&VFRUHVDWDQGP0
1D&OZHUHFOXVWHUHGRQWKHQHJDWLYHUHJLRQDURXQG+RZHYHUWKH3&VFRUHRIP0
1D&OZDVDSSUR[LPDWHO\DQGSRVLWLYHO\FRQWULEXWHGWRWKHGLIIHUHQFHLQGLFDWLQJYDULDQFH
EHWZHHQP01D&ODQGDOORWKHU1D&OFRQFHQWUDWLRQVDQGP01D&O2Q
WKHRQHKDQGWKH3&D[LVSUHGRPLQDQWO\FRQWDLQHGWKHYDULDQFHLQIRUPDWLRQEHWZHHQHLWKHU


P0RUP01D&ODQGWKHRWKHU1D&OFRQFHQWUDWLRQVDQGP03&VFRUHVDW
DQGP01D&OZHUHFOXVWHUHGDURXQG]HURZKHUHDV3&VFRUHVDWDQGP0
ZHUHDURXQGQHJDWLYHFRQWULEXWLRQDQGSRVLWLYHFRQWULEXWLRQUHVSHFWLYHO\7KXVWKH
3&$ SORW UHYHDOV 1D&O FRQFHQWUDWLRQGHSHQGHQW FKDQJHV LQ YDULDQFH ZKLFK SURYLGH 105
EDVHGLQIRUPDWLRQRQVRPHGLIIHUHQFHVDWWKHELQGLQJLQWHUIDFHRI)GDQG6L5

',6&866,21
,QWHUSURWHLQ LQWHUDFWLRQJRYHUQHG)GGHSHQGHQW6L5DFWLYLW\RYHUWKH LQWULQVLFDFWLYLW\
SRZHURI6L5
(Q]\PDWLF DFWLYLW\ LV ODUJHO\ FRQWUROOHG E\ LQWHUPROHFXODU LQWHUDFWLRQV EHWZHHQ ELQGLQJ
SDUWQHUVDQGWKHLQWUDPROHFXODUFDWDO\WLFFDSDFLW\RIWKHHQ]\PHLWVHOI:HGLVVHFWHGWKHVHWZR
FRQWULEXWLRQVWRXQGHUVWDQGRYHUDOODFWLYLW\RI6L5E\XVLQJWZRW\SHVRI6L5DFWLYLW\DVVD\V
WKH)GGHSHQGHQWDVVD\ZKLFKFDQHYDOXDWHWKHHIIHFWVRILQWHUSURWHLQLQWHUDFWLRQVEHWZHHQWKH
6L5DQGLWVSK\VLRORJLFDOHOHFWURQGRQRU)GDQGWKH09GHSHQGHQWDVVD\ZKLFKUHIOHFWVWKH
LQWULQVLFFDWDO\WLFFDSDELOLW\RI6L5VLQFHHOHFWURQWUDQVIHUWR6L5E\H[FHVVLYHDPRXQWVRI09
LVQRWOLPLWHGE\LQWHUPROHFXODULQWHUDFWLRQV
7KHVKDSHRIHOHFWURQWUDQVIHUULQJUDWHFXUYHVSORWWHGDJDLQVWLRQLFVWUHQJWKKDVEHHQXVHG
WRLQWHUSUHWWKHGHJUHHRIFRQWUROH[HUWHGRQFDWDO\WLFUDWHE\LQWHUSURWHLQLQWHUDFWLRQ>
@$EHOOVKDSHGFXUYHVXJJHVWHGUHDUUDQJHPHQWRIHOHFWURQWUDQVIHUSURWHLQFRPSOH[HVIURP
DQLQLWLDOFRPSOH[LQFOXGLQJWKHHQFRXQWHUFRPSOH[WRILQDOFRQILJXUDWLRQLHFRQIRUPDWLRQDO
JDWLQJIRUWKHHOHFWURQWUDQVIHUWKRURXJKWZRVWHSELQGLQJZKLOHDPRQRWRQLFDOO\GHFUHDVLQJ
FXUYHLQGLFDWHGWKHDEVHQFHRIWKHFRQIRUPDWLRQDOUHDUUDQJHPHQWRIFRPSOH[HV7KXVDEHOO
VKDSHG )GGHSHQGHQW 6L5 DFWLYLW\ SURILOH RYHU 1D&O FRQFHQWUDWLRQV )LJXUHV $ DQG '


GHPRQVWUDWHGWKDWWKHFRQWULEXWLRQRILQWHUSURWHLQLQWHUDFWLRQVEHWZHHQ)GDQG6L5WRRYHUDOO
6L5DFWLYLW\LVFRQVLGHUDEOH
7KHLPSDFWRI6L5VWUXFWXUDOG\QDPLFVRQLWVLQWULQVLFHQ]\PDWLFFDSDFLW\DWYDULRXV1D&O
FRQFHQWUDWLRQ ZDV FKDUDFWHUL]HG $ VDWXUDWLQJ FXUYH RI 6L5 DFWLYLW\ REWDLQHG E\ WKH 09
GHSHQGHQWDVVD\ZDVFRQVLVWHQWZLWKD1D&OFRQFHQWUDWLRQGHSHQGHQFHRITP)LJXUH'7KLV
LQGLFDWHGWKDWWKHLQFUHDVHLQWKHLQWULQVLFDFWLYLW\RI6L5PD\EHUHODWHGWRWKHVXSSUHVVLRQRI
JOREDO G\QDPLFV SRVVLEO\ GXH WR 1D&OLQGXFHG PROHFXODU FRPSDFWLRQ ZLWKRXW DQ RYHUDOO
FKDQJHLQVHFRQGDU\VWUXFWXUH)LJXUH$E\LQFUHDVLQJTPDQGWKHPDJQLWXGHRIQHJDWLYH
'HJOREDO7DEOH
&RPSDULVRQRIWKHGHWDLOHGDFWLYLW\SURILOHVREWDLQHGZLWKWKHWZRGLVWLQFWDVVD\VIXUWKHU
FRQIHUUHGLQVLJKWLQWRWKHIDFWRUVUHJXODWLQJWRWDO6L5DFWLYLW\$WP01D&OZKLOHLQWKH
)GGHSHQGHQW DVVD\ 6L5 H[KLELWHG G\QDPLF DFWLYLW\ FKDQJHV ZLWK PD[LPDO DFWLYLW\ DQG
FDWDO\WLF HIILFLHQF\ DURXQG  P0 1D&O DQG GHFUHDVHG DFWLYLW\ DW KLJKHU 1D&O
FRQFHQWUDWLRQV DFWLYLW\ LQ WKH 09EDVHG DVVD\ LQFUHDVHG LQ 6L5 DFWLYLW\ EHIRUH UHDFKLQJ D
SODWHDX)LJXUH%)RUH[DPSOHDKLJKHU)GGHSHQGHQW6L5DFWLYLW\ZDVPHDVXUHGDWP0
1D&OWKDQWKDWDWP01D&OGHVSLWHLQWULQVLF6L5DFWLYLW\DWP01D&ODFWXDOO\EHLQJ
ORZHUWKDQDWP01D&O0RUHRYHUDOWKRXJK09EDVHG6L5DFWLYLW\UHWDLQHGPD[LPXP
DFWLYLW\DWKLJKHU1D&OFRQFHQWUDWLRQVRYHUWKHVDWXUDWLRQSRLQWRIP01D&OWKH)GEDVHG
DVVD\ VKRZHG PLQLPXP DFWLYLW\ GXH WR VLJQLILFDQWO\ ORZ LQWHUSURWHLQ DIILQLW\ 7DEOH 
UHVXOWLQJIURPWKHDWWHQXDWLRQRIHOHFWURVWDWLFLQWHUDFWLRQV
7KHVHILQGLQJVLQGLFDWHGWKDWPD[LPXP6L5DFWLYLW\DWPRGHUDWHFRQFHQWUDWLRQVRI1D&OLV
DFKLHYDEOH WKURXJK RSWLPXP LQWHUDFWLRQV EHWZHHQ )G DQG 6L5 DQG WKDW LQWHUPROHFXODU
LQWHUDFWLRQ LV D PRUH GHFLVLYH IDFWRU LQ FRQWUROOLQJ 6L5 DFWLYLW\ WKDQ LQWULQVLF 6L5 FDWDO\WLF
FDSDFLW\XQGHUSK\VLRORJLFDOFRQGLWLRQVVHHWKHILQDOVHFWLRQRI',6&866,21



,QWHUPROHFXODU QRQFRYDOHQW IRUFHV WKHUPRG\QDPLFDOO\ FRQWURO )G6L5 FRPSOH[
IRUPDWLRQ
,QWHUSURWHLQLQWHUDFWLRQVDUHXQGHUWKHUPRG\QDPLFFRQWUROZKLFKWHQGVWRKDYHDORZHU'GELQG
E\EDODQFLQJWKH WZRGULYLQJIRUFHV'HELQGDQG±T'SELQG >@7KHUHIRUHZHKHUHLQ
WKHUPRG\QDPLFDOO\H[DPLQHGFRPSOH[IRUPDWLRQEHWZHHQ)GDQG6L5XVLQJ,7&RYHUYDULDEOH
1D&OEHFDXVH,7&UHSRUWVGULYLQJIRUFHVZKLFKUHIOHFWHOHFWURVWDWLFDQGQRQHOHFWURVWDWLFIRUFHV
>@ZKLFKZLOOEHDOWHUHGDV1D&O LQIOXHQFHV WKHUHODWLYHVWUHQJWKRI LQWHUSURWHLQ
DWWUDFWLRQ DQG LQWHUDFWLRQ +LJKHU VDOW FRQFHQWUDWLRQV GDPSHQ HOHFWURVWDWLF DQG SRODU
LQWHUDFWLRQVEXWUHLQIRUFHK\GURSKRELFLQWHUDFWLRQV
:HSHUIRUPHG,7&PHDVXUHPHQWVRQDGGLWLRQRI)GWR6L5DWYDULDEOH1D&OFRQFHQWUDWLRQV
ZKLFKLVDODUJHO\XVHGQHXWUDOVDOWWKDWSDUWO\PLPLFVORFDOFRQGLWLRQVLQFHOOVDQGFKORURSODVWV
>@ (QHUJHWLFDOO\IDYRXUDEOH QHJDWLYH HQWKDOS\ FKDQJHV ZHUH REVHUYHG DW DOO 1D&O
FRQFHQWUDWLRQV )LJXUHV $ DQG % DQG 7DEOH  KRZHYHU WKH SORW RI WKH GULYLQJ IRUFHV
UHIHUUHG WRKHUHDIWHUDV WKHGULYLQJ IRUFHSORW VKRZHG WKDW LQFUHDVLQJ WKHDPRXQWRI1D&O
DWWHQXDWHGLQWHUSURWHLQDIILQLW\E\GHFUHDVLQJWKHPDJQLWXGHRIHQWKDOS\FKDQJHV)LJXUH&
7KHVH UHVXOWV VXJJHVW WKDW DWWUDFWLYH FKDUJHFKDUJH DQG SRODU LQWHUDFWLRQV DV ZHOO DV
K\GURSKRELF LQWHUDFWLRQV SRVLWLYHO\ FRQWULEXWHG WR FRPSOH[ IRUPDWLRQ ZLWK HQWKDOS\ DV D
GULYLQJIRUFHDQGWKDWZHDNHQHGFKDUJHDQGSRODULQWHUDFWLRQVGXHWRWKHGLVWXUEDQFHRIFRXQWHU
LRQVRUHOHFWURVWDWLFVFUHHQLQJZHUHFRPSHQVDWHGE\LQFUHDVHGK\GURSKRELFLQWHUDFWLRQV
&RQVHTXHQWO\HQWKDOSLFJDLQVIURPHOHFWURVWDWLFDQGSRODULQWHUDFWLRQVZHUHGRPLQDQWRYHU
LQWHUDFWLRQVDPRQJK\GURSKRELFVLGHFKDLQVXQGHUKLJKHU1D&OFRQFHQWUDWLRQV2QWKHRWKHU
KDQG HOHFWURVWDWLF LQWHUDFWLRQV HQKDQFH WKH PROHFXODU DVVRFLDWLRQ UDWH WKURXJK ORQJUDQJH
HOHFWURVWDWLFVWHHULQJ>@WKHUHIRUHGHFUHDVHGDIILQLW\DWKLJKVDOWFRQFHQWUDWLRQVDFFRXQWV


IRU WKHGHFUHDVHGDVVRFLDWLRQUDWH)LJXUHVWHPPLQJIURPWKHDWWHQXDWLRQRIHOHFWURVWDWLF
LQWHUDFWLRQV
$VZLWK1D&OFRQFHQWUDWLRQLQFUHDVHGWHPSHUDWXUHLVJHQHUDOO\IROORZHGE\GHFUHDVHVDQG
LQFUHDVHV LQHOHFWURVWDWLFDQGK\GURSKRELF IRUFHV UHVSHFWLYHO\ >@7KXV WKHKHDWFDSDFLW\
FKDQJHIRUELQGLQJ'CSELQGZKLFK LVD WHPSHUDWXUHGHSHQGHQWHQWKDOS\FKDQJH'CSELQG 
w'HELQGwT LV DOVR DQ LQGLFDWRU IRU WKH FRQWULEXWLRQ RI QRQFRYDOHQW IRUFHV WR FRPSOH[
IRUPDWLRQEDVHGRQWKHVLJQDQGPDJQLWXGHRI'CSELQG>@0RVWSURWHLQFRPSOH[
IRUPDWLRQVWXGLHGE\,7&VKRZVDQHJDWLYH'CSELQGLQGLFDWLQJWKDWWKHHQWKDOSLFFRQWULEXWLRQ
RIK\GURSKRELFLQWHUDFWLRQVSUHYDLOHGRYHUHOHFWURVWDWLFDQGRUSRODULQWHUDFWLRQVHYHQZKHQ
LQWHUDFWLRQVEHWZHHQRSSRVLWHO\FKDUJHGSURWHLQVDSSHDUHGPRUHREYLRXVFDQGLGDWHVVXFKDV
IRUPDWLRQ RI WKH )G)15 FRPSOH[ 'CSELQG    FDO PRO . >@ WKH
SXWLGDUHGR[LQSXWLGDUHGR[LQUHGXFWDVHFRPSOH['CSELQG FDOPRO.>@DQGWKH
3FDPSXWLGDUHGR[LQFRPSOH['CSELQG FDOPRO.>@7KHUHIRUHDQHJDWLYH
'CSELQGFDOPRO.IRUIRUPDWLRQRIWKH)G6L5FRPSOH[)LJXUHBDQG7DEOHDOVR
GHPRQVWUDWHGFRQWULEXWLRQVIURPK\GURSKRELFLQWHUDFWLRQV7KHVPDOOPDJQLWXGHRI'CSELQGLQ
WKH )G6L5 FRPSOH[ FRPSDUHG WR IRUPDWLRQ RI RWKHU (7 FRPSOH[HV VXJJHVWV D ODUJH
FRQWULEXWLRQ RI FKDUJHFKDUJH LQWHUDFWLRQV ZKLFK LQFUHDVH 'CSELQG >@ 7KHVH
WKHUPRG\QDPLF ILQGLQJV FOHDUO\ GHPRQVWUDWH WKDW QRQHOHFWURVWDWLF LQWHUDFWLRQV ZHUH DOVR
LPSRUWDQW IRU )G6L5 FRPSOH[ IRUPDWLRQ DQG WKDW QRQFRYDOHQW IRUFHV WKHUPRG\QDPLFDOO\
ZLWKVWDQGFKDQJHVLQVDOWFRQFHQWUDWLRQDQGWHPSHUDWXUHWKURXJKHQHUJHWLFDGDSWDWLRQ
(QWURS\ FKDQJHV DOVR GURYH FRPSOH[ IRUPDWLRQ JLYLQJ SRVLWLYH YDOXHV DW DOO 1D&O
FRQFHQWUDWLRQV )LJXUH % DOWKRXJK HQWURS\ ZDV QRW VLJQLILFDQWO\ DIIHFWHG E\ WKH 1D&O
FRQFHQWUDWLRQDVVKRZQLQWKHGULYLQJIRUFHSORW)LJXUH&7KLVLQGLFDWHVWKDWHQWURS\SOD\V


DNH\UROHLQVWDELOL]LQJWKH)G6L5FRPSOH[DVREVHUYHGLQIRUPLQJWKH)G)15FRPSOH[>@
DQGWKDWHQWKDOS\LVDPRUHGHFLVLYHIDFWRUWKDQHQWURS\LQFRQWUROOLQJLQWHUSURWHLQDIILQLW\
$FFRUGLQJO\ WKHSK\VLFDOELQGLQJUHDFWLRQVEHWZHHQRSSRVLWHO\FKDUJHG)GDQG6L5DUH
IDYRXUHG E\ ERWK HOHFWURVWDWLF DQG QRQHOHFWURVWDWLF LQWHUDFWLRQV $OWKRXJK RWKHU IDFWRUV
LQFOXGLQJWKHEHKDYLRXURIZDWHULRQVSURWRQVDQGSURWHLQG\QDPLFVSUREDEO\DOVRFRQWULEXWH
WKH WKHUPRG\QDPLF EDODQFH IRU FRPSOH[ IRUPDWLRQ EHWZHHQ HQ]\PHV DQG HOHFWURQ WUDQVIHU
SDUWQHUV GHSHQGLQJ RQ FRQGLWLRQV FDQ EH H[SODLQHG WKURXJK WKH JHQHUDO WKHUPRG\QDPLF
FRQFHSWRIHQWKDOS\HQWURS\FRPSHQVDWLRQ

2SWLPL]DWLRQRI6L5DFWLYLW\E\ILQHWXQLQJRIWKHLQWHUSURWHLQLQWHUDFWLRQZLWK)GXQGHU
SK\VLRORJLFDOFRQGLWLRQV
6WDELOL]LQJ UHVLGXHV ZKLFK VKRZ KLJK VHTXHQFH FRQVHUYDWLRQ )LJXUH  UHYHDOHG WKHLU
LPSRUWDQFH LQ IRUPLQJ WKH )G6L5 FRPSOH[ 7KH GHFUHDVH LQ WKH PDJQLWXGH RI &6' RI
UHJXODWLQJUHVLGXHVFRUUHODWHGZHOOZLWKWKHGHFUHDVHLQDIILQLW\DWKLJKHU1D&OFRQFHQWUDWLRQV
7KLVUHYHDOVWKDWWKHUHJXODWLQJUHVLGXHVSOD\DVLJQLILFDQWUROHLQGHWHUPLQLQJWKHLQWHUSURWHLQ
DIILQLW\DQGELQGLQJPRGH1HJDWLYHO\FKDUJHGUHVLGXHVLQWKH&WHUPLQDOSDUWZHUHFRQVHUYHG
LQKLJKHUSODQWVDQGEcoil)LJXUH6WDELOL]LQJDQGUHJXODWLQJUHVLGXHVZKLFKPD\EHKRW
VSRWUHVLGXHVZHUHERWKFRPSRVHGRIFKDUJHGDQGQRQFKDUJHGUHVLGXHVGHPRQVWUDWLQJWKDW
HOHFWURVWDWLF DQG QRQHOHFWURVWDWLF LQWHUDFWLRQV ZHUH HVVHQWLDO IRU VWDELOL]LQJ FRPSOH[ DQG
DGMXVWLQJLQWHUSURWHLQDIILQLW\LQJRRGDJUHHPHQWZLWKWKHWKHUPRG\QDPLFDQDO\VLVRI,7&
,QWHUHVWLQJO\WKHGLUHFWLRQRISHDNVKLIWIRU6DQG')LJXUH&LQWKHSUHVHQFHRI
6L5YDULHGZLWK1D&OFRQFHQWUDWLRQZKLOHWKHRWKHUSHDNVVXFKDV(ZHUHVKLIWHGWRWKH
VDPH GLUHFWLRQ )LJXUH $ LQVHW 7KLV LQGLFDWHV WKDW D UHJLRQ LQFOXGLQJ 6 DQG ' LV
LQYROYHGLQGLVWLQFWELQGLQJPRGHVGHSHQGLQJRQWKH1D&OFRQFHQWUDWLRQ7KXVWKHEHOOVKDSHG


DFWLYLW\FXUYHRI6L5FDQEHDOVRPHFKDQLFDOO\H[SODLQHGE\DFKDQJH LQ WKHELQGLQJPRGH
EHWZHHQ )G DQG 6L5 LH VWUXFWXUDO UHDUUDQJHPHQW ZKLFK ZDV IXUWKHU VXSSRUWHG E\ 3&$
)LJXUH)
7DNHQWRJHWKHUDEHOOVKDSHGSURILOHRI)GGHSHQGHQW6L5DFWLYLW\ZDVGHPRQVWUDWHGEDVHG
RQ WKH DIILQLW\ DQG ELQGLQJ PRGH )LJXUH 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)LJXUH   1D&OFRQFHQWUDWLRQ GHSHQGHQW 6L5 DFWLYLW\ PRQLWRUHG E\ GLVWLQFW DFWLYLW\
DVVD\V
$& 6L5 DFWLYLW\ REWDLQHG E\ )G $ DQG 09GHSHQGHQW DFWLYLW\ DVVD\ % ZDV SORWWHG
DJDLQVWWKH1D&OFRQFHQWUDWLRQ7KHFRQWLQXRXVFXUYHVZHUHREWDLQHGE\ILWWLQJWR*DXVVLDQ
$ DQG VLQJOH H[SRQHQWLDO HTXDWLRQV % WR VKRZ V\PPHWULF DQG VDWXUDWLQJ SURILOHV
UHVSHFWLYHO\ & 7KH VWHDG\VWDWH NLQHWLFV RI 6L5 DFWLYLW\ REWDLQHG DW WKH YDULRXV 1D&O
FRQFHQWUDWLRQVZHUHSORWWHGDVDIXQFWLRQRIWKHFRQFHQWUDWLRQRI)G7KHFRQWLQXRXVOLQHVVKRZ
WKHFXUYHVILWWHGEDVHGRQWKH0LFKDHOLV0HQWHQHTXDWLRQ7KHHUURUEDUVZHUHDYHUDJHGYDOXHV
RIWKHWKUHHLQGHSHQGHQWPHDVXUHPHQWV'KPLQWKHOHIWD[LVUHGDQGkFDWLQWKHULJKWD[LV
EOXH UHVSHFWLYHO\ ZHUH REWDLQHG IURP 0LFKDHOLV0HQWHQ NLQHWLFV DQG SORWWHG DJDLQVW WKH
FRQFHQWUDWLRQRI1D&O7KHFRQWLQXRXVFXUYHVZHUHREWDLQHGE\ILWWLQJWRWKH*DXVVLDQHTXDWLRQ
KGYDOXHVEODFNREWDLQHGIURP,7&PHDVXUHPHQWVLQWKHOHIWD[LVZHUHDOVRSORWWHG7KHVROLG
OLQHIRUKGLVGUDZQDVDYLVXDODLGEvPD[LQWKHOHIWD[LVUHGDQGkFDWKPLQWKHULJKWD[LV
EOXH ZHUHSORWWHG DJDLQVW WKH FRQFHQWUDWLRQ RI 1D&O UHVSHFWLYHO\ 7KH FRQWLQXRXV FXUYHV
ZHUHREWDLQHGE\ILWWLQJWRWKH*DXVVLDQHTXDWLRQ

)LJXUH  7KHUPRG\QDPLF FKDUDFWHUL]DWLRQRIELQGLQJUHDFWLRQVEHWZHHQ)GDQG6L5
XVLQJ,7&DQDO\VLVDQGGULYLQJIRUFHSORW
$,7&WKHUPRJUDPVRIWKHWLWUDWLRQRI)GWR6L5DWDQGP01D&ODW
q&DUHVKRZQLQWKHXSSHUSDQHO1RUPDOL]HGKHDWYDOXHVZHUHSORWWHGDJDLQVWWKHPRODU
UDWLR>)G@>6L5@LQWKHORZHUSDQHO)LWWHGFXUYHVDUHH[KLELWHGXVLQJFRQWLQXRXVOLQHV%DQG
&7KHYDOXHVRI 'HELQGWULDQJOHT'SELQGUHFWDQJOHDQG¨GELQGVSKHUHZHUHSORWWHGDVD
IXQFWLRQRIWKH1D&OFRQFHQWUDWLRQ%DQGWHPSHUDWXUH&$OORIWKHVROLGOLQHVLQGLFDWHWKH


ILWWLQJFXUYHZLWKWKHVWUDLJKWOLQH'7KHGULYLQJIRUFHSORWZKLFKGHVFULEHVWKHFKDQJHLQWKH
GULYLQJIRUFH'HELQGDQGT'SELQGDQG'GELQGYDOXHIROORZLQJFRPSOH[IRUPDWLRQDWHDFK1D&O
FRQFHQWUDWLRQDUHVKRZQ7KHGRWWHGGLDJRQDOOLQHVZLWKYDULRXVFRORUVVLJQLI\WKH''GELQGOLQHV
RINFDOPROIRUP01D&OEOXHNFDOPROIRUP01D&OPDJHQWDNFDOPRO
IRUP01D&OJUHHQNFDOPROIRUP01D&O\HOORZDQGNFDOPROIRU
P01D&OUHG7KHUPRG\QDPLFDOO\IDYRUDEOH)DQGXQIDYRUDEOH8GLUHFWLRQVIROORZLQJ
FKDQJHLQ1D&OFRQFHQWUDWLRQDUHLQGLFDWHGE\EOXHDUURZVDQGUHGDUURZVUHVSHFWLYHO\RXWVLGH
WKHSDQHO7KHFRORUHGDUURZLQWKHSDQHOLQGLFDWHVGHFUHDVHVLQDIILQLW\

)LJXUH  ,7&PHDVXUHPHQWVRI)GELQGLQJZLWK6L5DWGLVWLQFWWHPSHUDWXUH
$DQG%,7&WKHUPRJUDPVRIWKHWLWUDWLRQRI)GWR6L5LQWKHSUHVHQFHRIP01D&ODW
$DQGq&%DUHVKRZQLQWKHXSSHUSDQHO1RUPDOL]HGKHDWYDOXHVZHUHSORWWHG
DJDLQVW WKH PRODU UDWLR >)G@>6L5@ LQ WKH ORZHU SDQHO )LWWHG FXUYHV DUH H[KLELWHG XVLQJ
FRQWLQXRXVOLQHV

)LJXUH  *OREDOG\QDPLFVRI6L5REVHUYHGE\WKHIDU89&'VSHFWURVFRS\
$7KHIDU89&'VSHFWUDREWDLQHGDWVROLGOLQHDQGq&GRWWHGOLQHDUHREWDLQHGZLWK
LQFUHDVLQJ1D&OFRQFHQWUDWLRQVIURPWRP0%7KHIDU89&'VSHFWUDRI6L5ZLWKRXW
1D&ODWYDULRXVWHPSHUDWXUHVDUHVKRZQZLWKGLVWLQFWFRORUV7KHLQFUHDVHLQWHPSHUDWXUHIURP
WRq&LVLQGLFDWHGE\WKHDUURZDQGFKDQJLQJFRORUIURPPDJHQWDWRUHG&7KHUPDO
VFDQQLQJRI6L5UHSUHVHQWHGE\WKHIUDFWLRQRIIROGHGQDWLYH6L5XVLQJ&'LQWHQVLW\DWQP
LVVKRZQ7KHFRQWLQXRXVFXUYHVLQGLFDWHWKHILWWHGFXUYHEDVHGRQWKHWKHRUHWLFDOHTXDWLRQVHH
0$7(5,$/6$1'0(7+2'67KHLQFUHDVHLQWKH1D&OFRQFHQWUDWLRQZDVDOVRJXLGHG
E\WKHDUURZD7KHPHOWLQJWHPSHUDWXUHTPZDVSORWWHGDJDLQVWWKH1D&OFRQFHQWUDWLRQ7KH


FRQWLQXRXVFXUYHZDVREWDLQHGE\ILWWLQJWRVLQJOHH[SRQHQWLDOHTXDWLRQVJLYLQJDVDWXUDWLQJ
SURILOH

)LJXUH  105VSHFWURVFRS\RI1ODEHOHG)GZLWK6L5DQGFKHPLFDOVKLIWSHUWXUEDWLRQ
DQDO\VHV
$7KHVXSHUSRVLWLRQRI+1+64&VSHFWUDRI)GZLWKEOXHDQGZLWKRXW6L5UHGDW
P0 1D&O LV VKRZQ 7KH SHDN VKLIW RI ( RI 6L5ERXQG )G GHSHQGLQJ RQ WKH 1D&O
FRQFHQWUDWLRQLVVKRZQLQWKHLQVHWPDJHQWDF\DQEOXH\HOORZDQG
P0JUHHQ7KHLQFUHDVLQJFRQFHQWUDWLRQRI1D&OLVLQGLFDWHGE\WKHDUURZ%0DJQLILHG
FHQWUDOUHJLRQRIWKHVSHFWUDZLWKGUDPDWLFSHUWXUEDWLRQV&3HDNVKLIWVRI'ZKLFKVKRZV
YDULDEOHGLUHFWLRQRI105SHDNVKLIWRI)GZLWKEOXHDQGZLWKRXW6L5UHGGHSHQGLQJRQWKH
FRQFHQWUDWLRQRI1D&O7KHFRQFHQWUDWLRQRI1D&OLVVKRZQDQGWKHGLUHFWLRQRIWKHSHDNVKLIW
LVLQGLFDWHGE\EODFNDUURZV'DQG(&KHPLFDOVKLIWGLIIHUHQFH&6'RI)GLQWKHSUHVHQFH
RI6L5DW P01D&O FDOFXODWHGE\ ILQLWH ' DQG LQILQLWH&6'DQDO\VHV (ZDVSORWWHG
DJDLQVW WKH UHVLGXH QXPEHU 7KH VHFRQGDU\ VWUXFWXUH HOHPHQWV GHWHUPLQHG IURP WKH ;UD\
VWUXFWXUH3'%*$4>@DUHGLVSOD\HGZLWKODEHOOLQJLQWKHWRSSDUWDKHOLFHVUHGFRLOV
DQG EVWUDQGV \HOORZ DUURZV DUH VKRZQ 1HJDWLYHO\ DQG SRVLWLYHO\FKDUJHG UHVLGXHV DUH
UHSUHVHQWHGE\UHGDQGEOXHHOOLSVHVUHVSHFWLYHO\,Q'VWDELOL]LQJDQGUHJXODWLQJUHJLRQVDUH
DOVRVKRZQZLWKUHGDQGJUHHQEDUVUHVSHFWLYHO\7KHUHGGRWWHGUHFWDQJOHLQGLFDWHVDSXWDWLYH
VWDELOL]LQJUHJLRQZKLFKLVPRVWO\LQYLVLEOHLQ105VSHFWUDGXHWRSDUDPDJQHWLFUHOD[DWLRQ
HQKDQFHPHQW)7ZRGLPHQVLRQDOSORWRISULQFLSDOFRPSRQHQWDQDO\VLV3&$RQWKHEDVLV
RIWKHLQILQLWH&6'UHVXOWVREWDLQHGDWEOXHPDJHQWDJUHHQ\HOORZDQG
P01D&OUHGLVVKRZQ



)LJXUH  0DSSLQJRILQWHUDFWLQJUHVLGXHVRI)GIRU6L5RQWRWKHFU\VWDOVWUXFWXUHRI)G
$DQG%7KHGHJUHHRIWKHFKHPLFDOVKLIWGLIIHUHQFH&6'E\PHDQVRIILQLWH$DQGLQILQLWH
&6'DQDO\VHV %DW HDFK1D&OFRQFHQWUDWLRQZDVPDSSHGRQWR WKHFU\VWDO VWUXFWXUHRI)G
3'%,'*$4>@7KHFRORUFRGHIRUWKHILQLWH&6'DQDO\VLVLVDVIROORZV5HG&6'!
RUDQJH!&6'!\HOORZ!&6'!7KHFRORUFRGHIRUWKHLQILQLWH
&6'DQDO\VLVLVDVIROORZV3LQN&6'!RUDQJH!&6'!\HOORZ!&6'
!7KH105LQYLVLEOHSHDNVGXHWRSDUDPDJQHWLFUHOD[DWLRQHQKDQFHPHQWDUHVKRZQE\
GDUN JUD\ 6WDELOL]LQJ DQG UHJXODWLQJ UHJLRQV DUH VKRZQ ZLWK UHG DQG JUHHQ GRWWHG OLQHV
UHVSHFWLYHO\7KHVWDELOL]LQJUHJLRQLQFOXGHVSXWDWLYHVWDELOL]LQJUHVLGXHVZKLFKDUHQRWYLVLEOH
LQ105

)LJXUH   2YHUDOO VFKHPH RI UHODWLRQV EHWZHHQ 6L5 DFWLYLW\ DQG )G6L5 LQWHUDFWLRQV
GHSHQGLQJRQYDULDWLRQLQVDOWFRQFHQWUDWLRQ
)GGHSHQGHQWRYHUDOOUHGFXUYHDQGLQWULQVLF6L5DFWLYLW\JUHHQFXUYHDUHUHSUHVHQWHG7KH
FRQWLQXRXVEOXHFXUYHLQGLFDWHVWUHQGVRIWKHFKDQJHLQLQWHUSURWHLQDIILQLW\UHYHDOHGE\,7&
KG(OHFWURQWUDQVIHU(7FRPSHWHQWDQGLQFRPSHWHQW)GVDUHUHSUHVHQWHGE\UHGDQGGHHS
\HOORZREMHFWVUHVSHFWLYHO\6L5LVVFKHPDWLFDOO\VKRZQLQJUHHQ

)LJXUH  0XOWLSOHVHTXHQFHDOLJQPHQWVRI)GV
$PLQR DFLG VHTXHQFHV RI )GV IURP SODQW E. coli DQG F\DQREDFWHULXP DUH FRPSDUHG 7KH
VHTXHQFHV RI )GV IURP PDL]H =P)G VSLQDFK 6R)G Arabidopsis thaliana $W)G
Synechococcus3&&$Q)GDQGE. coli(F)GDUHDOLJQHGZLWKJDSVLQVHUWHGWRREWDLQ
WKH KRPRORJ\ &RORU FRGHV DUH EODFN IRU FRQVHUYDWLRQ DQG JUD\ IRU VHPLFRQVHUYDWLRQ
$VWHULVNVLQGLFDWHWKDWWKHUHVLGXHVLQWKDWFROXPQDUHLGHQWLFDOLQDOOVHTXHQFHVLQWKHDOLJQPHQW


7DEOH6XPPDU\RI6L5DFWLYLW\REWDLQHGE\0LFKDHOLV0HQWHQNLQHWLFV
1D&O
P0
vPD[D
P0VHF
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